Abstract. We report on mid-IR observations of the cen- 
tral region in the Trifid nebula, carried out with ISOCAM 
in several broad-band infrared filters and in the low res- 
olution spectroscopic mode provided by the circular vari- 
able filter. Analysis of the emission indicates the presence 
of a hot dust component (500 to 1000 K) and a warm 
dust component at lower temperatures (~ 150 — 200 K) 
around several members of the cluster exciting the HII re- 
gion, and other stars undetected at optical wavelengths. 
Complementary VLA observations suggest that the mid- 
. IR emission could arise from a dust cocoon or a circum- 
' stellar disk, evaporated under the ionization of the cen- 
tral source and the exciting star of the nebula. In several 
' sources the 9.7/im silicate band is seen in emission. One 
young stellar source shows indications of crystalline sili- 
cates in the circumstcllar dust. 
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1. Introduction 

The Trifid nebula is a nice example of a small HII region 
in an early stage of evolution. It is located at a distance 
of 1.68 kpc (Lynds et al. 1985) and has an estimated dy- 
namical age of 0.3 — 0.4 Myr (Lefloch & Cernicharo 2000). 
Because of its youth and its small size, it provides us with a 
comprehensive picture of the early stages of massive star- 
forming regions like Orion. Indeed, previous observations 
at millimeter wavelengths have shown that the protostellar 
cores surrounding the HII region have physical properties 
similar to the cores observed in Orion. These protostel- 
lar cores show good evidence that their birth was induced 
in the expansion of the HII region (Lefloch & Cernicharo 
2000). 

The Trifid is excited by the star HD 164492A, clas- 
sified as 07 V by Lynds et al. (1985). Five other stars 
(HD 164492B-F) were identified within 20" (0.16 pc) of 
HD 164492A, suggesting that the formation of a cluster 
accompanied the birth of the ionizing star. The spectral 
types determined for some of the sources indicate they are 
of intermediate mass (Kohoutek, 1997). Here we report on 
mid-infrared ISOCAM observations of the central region 
in the HII region. These observations bring more insight 
of the star formation which accompanied the birth of the 
ionizing star. In particular, they reveal the lower mass star 
formation, embedded in the low-density ionized gas of the 
HII region. We find that many sources are surrounded by 
dense material, possibly in the form of disks photoevap- 
orated by the ionizing radiation of the Trifid, similar to 
those found close to the Trapezium stars in Orion. 

2. Observations and Results 

2.1. The Mid-infrared Emission 

Several images of the Trifid were obtained with ISOCAM 
onboard ISO (Cesarsky et al. 1996) in the LW4 filter cen- 
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tered on the PAH band at 6.2 /im (AA = 1.0 /im) at 6" 
resolution, in the LW7 filter centered on the silicate band 
at 10 (im (AA = 3 /xm) at 6" resolution and in the LW10 
filter (A = 11.5 yum, AA = 7ttm) at 3" resolution. The 
final maps are shown in Fig. 1. Several maps of the Trifid 
were obtained with the Circular Variable Filter (CVF) be- 
tween 5 and 17/xm, with a spectral resolution A/AA ~ 30. 
Each map has a size of 32 x 32 pixels with an angular size 
of 3" per pixel. 

Superposed to the extended emission from the dust 
lanes, we detect in the central LW4 image several point- 
like sources (IRS 1 to IRS 5) near the stellar cluster (see 
Fig. Id) and two more remote sources (IRS 6—7), apparent 
on Fig. lc-e. The pointlikc sources appear with the highest 
contrast in the LW4 filter; by comparison, IRS 4 and IRS 5 
are hardly visible in the LW7 and LW10 band. Except 
for the bright sources IRS 1 — 2 and IRS 6, the emission 
of the individual sources in the LW7 filter can hardly be 
separated from the extended emission of the dust lanes. 

The maximum of emission (source IRS 1 — 2) peaks ap- 
proximately 15" Southwest of HD 164492 A and coincides 
with the members of the central cluster HD 164492C-D. 
They are optically visible (Fig. la) and were classified 
as B6 V (Gahm et al. 1983) and Be LkHal23 (Herbig, 
1957) respectively. In the LW4 filter, the flux distribution 
is marginally resolved and indicates a size of ~ 3" for the 
emitting region. The angular resolution of the infrared ob- 
servations does not allow to distingush the respective con- 
tributions of components C and D. However, a gaussian 
fit to the CVF data gives a size of 2.5" for the emitting 
region. This size is very close to the projected distance 
between components C and D (~ 4000 AU, Sect. 2.3) and 
suggests that both sources are contributing to the infrared 
flux; we identify IRS 1 (IRS 2) with component C (D) of 
the stellar cluster. All the other infrared sources are unre- 
solved in our images. 
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Fig. 1. a) Optical image of the Ha emission in the Trifid nebula taken with the IAC80 telescope at the Observatorio 
del Teide, Tenerife, Spain (see also Cernicharo et al. 1998). Coordinates are in arcsec offsets with respect to the exciting 
star of the nebula HD 164492A : a 20 oo= 18 h 02 m 23.55 s , <5 2 ooo - -23°01'51.0" b) Infrared emission in the 8-15 /xm band 
(LW10). The black star marks the position of HD 164492A. c)-d) Infrared emission in the 5.5 — 6.5 /xm band (LW4) 
and 8.5 — 11.5 /xm band (LW7) respectively, e) Magnified view of the Ha emission. We have superposed (contours) the 
3.6cm free-free emission observed at the VLA. The contours range from 0.2 to 1 mJy by 0.2 mJy beam -1 , f) Spectral 
emission observed with the CVF towards IRS 1-2 and fit to the continuum, g) Silicate emission band observed towards 
IRS 1-2 after subtracting the continuum (thick) and fit to the emission (thin) assuming a mix of pure forstcritc with 
amorphous pyroxenes with inclusions of FeO. 



2. 2. The physical properties of the dust 

The spectra of IRS 1-2, IRS 3 and IRS 6 between 5 and 
17 /xm were obtained from the CVF data after subtract- 
ing the emission of a nearby 3x3 pixel 2 area used as a 
reference. The observed emission was fitted with a gaus- 
sian function convolved with the Point Spread Function of 
the instrument. The IRS 1-2 spectrum is shown in Fig. If. 
It does not exhibit any narrow emission, apart from a 
weak Nell line at 12.7 /xm. Remarkably the silicate band 
at 9.7 /xm is detected in emission whereas it is seen in 
absorption in the dust lanes (not shown here). 

We model the dust emission as a black-body law mod- 
ified by a dust opacity t v cx v. The 5 — 17 /xm continuum 
emission is satisfactorily fitted by two components at tem- 
peratures T - 500 K and T - 200 K respectively (Fig. If). 
We adopted 0.2" for the size of the "cold" component, as 
determined from the VLA observations (see below). The 
lack of constraints on the size of the hot component makes 
the amount of material difficult to quantify (especially the 
hot component). We derive typical hydrogen column den- 
sities N(H) ~ 10 21 cm- 2 for the component at 200 K. 
The IRS 3 and IRS 6 spectra taken with the CVF display 
properties similar to IRS 1-2 (not shown) . The continuum 
emission can be accounted for by the same simple model : 
one hot layer at ~ 700 — 1000 K and a warm component 
at - 150 - 300 K. 

The shape of the silicate band around 9.5 /xm (Fig. lg) 
can help constrain the composition of the dust. The blue 
wing of the band (8-10 /xm) is well reproduced with amor- 
phous pyroxene grains containing FeO inclusions (we as- 
sume spherical grains of 0.1 /xm size and the optical con- 
stants are taken from Henning et al. 1999). Compari- 
son with laboratory transmission spectra of submicronic 
grains obtained at the IAS suggests that the broad shoul- 
der longward of 11.5 /xm is probably due to crystalline sil- 
icates; it is well fitted with pure forsterite grains (Fig. lg). 
We note that other crystalline silicates, such as pyroxenes, 
could also be present and account for the red shoulder. 
However, observations of other bands longward of 15 /xm, 
like the 33.6 /xm forsterite band or the 40.5 /xm pyroxene 
band are necessary to confirm our identification and search 
for other disk components, like crystalline pyroxenes. 



2.3. The ionized material 

We observed the continuum radiation of the central region 
at 3.6cm using the Very Large Array in its highest angu- 
lar resolution configuration in 1998 March 13. The field 
was centered at a = 18 h 02 m 27.223 s 5 = -23 °03'15.91" 
(Eq. 2000), so that all the infrared sources but IRS6 lie 
within the field. We used 1328+307 as absolute amplitude 
calibrator and 1748-253 as the phase calibrator. A boot- 
strapped flux density of 0.271±0.001 Jy was obtained for 
1748-253. The observations were made in both circular po- 
larizations with an effective bandwidth of 100 MHz. The 
rms noise in the map is 20/xJy beam -1 ; the beam size 
(HPFW) is 0.38" x 0.19" and the position angle is 11°. 
The map reveals the presence of two radio sources that 
coincide respectively with components C and D of the 
stellar cluster. We do not detect any emission from any 
other ISOCAM source, nor component B of the cluster, 
for which Yuscf-Zadch et al. (2000) report a 3.6 cm flux of 
0.66 mJy, much higher than our 5 — a limit of 0.1 mJy. It 
appears unlikely that this emission arises from a circum- 
stellar disk, as suggested by these authors; we propose that 
component B is a time variable gyrosynchrotron emitter, 
that may exhibit circular polarization in high-sensitivity 
radio-observations . 

The emission from components C and D is compact 
and forms a close double, separated by 2.4". The flux 
densities at 3.6cm were 1.64 ± 0.02 mJy (for C) and 
1.48 ± 0.02 mJy (for D). Both sources appear unresolved 
with an angular size smaller than ~ 0.2". No linear or 
circular polarization was found in the sources to an up- 
per limit of ~4% for the degree of polarization. The lack 
of polarization is consistent with a free- free interpretation 
for the observed emission. To obtain the spectral indices 
of both objets we undertook additional VLA observations 
at 2-cm in the C configuration during 1998 November 21. 
We used 0134+329 as absolute amplitude calibrator and 
1741-312 as the phase calibrator, with a bootstrapped 
flux density of 0.574+0.003 Jy. The flux densities at 2- 
cm were 1.66+0.14 mJy (for C) and 1.30+0.14 mJy (for 
D), that combined with the 3.6-cm measurements imply 
spectral indices of 0.0+0.2 and -0.2+0.2, for C and D, 
respectively. These flat spectral indices in the centimeter 
range are characteristic of optically thin free- free emission. 
The measured fluxes are in rough agreement with similar 
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observations at a lower angular resolution (~ 0.5") by 
Yusef-Zadeh et al. (2000). From the observed emissivities 
and adopting a transverse size of 0.2" for the emitting 
region, we estimate a density of w 10 5 cm~ 3 and a total 
mass of 6.0 x 10~ 6 M Q for the ionized gas around C and 
D. 

3. Discussion 

The color excesses measured by Kohoutek et al. (1997) 
towards the central stellar cluster (~ 0.3 — 0.4) indicate 
very low hydrogen column densities N(H) = 1.9 — 2.6 x 
20 21 cm~ 2 . Hence, there is no large-scale gas reservoir 
which could slow down the expansion of the ionized gas 
detected around components C and D. The ionized gas 
must expand on the sonic timescale Tj = Ri/ci ~ 80 yr, 
with Ri = 0.1" as the radius of the region observed and 
c, = lOkms -1 . This timescale is so short compared to 
the age of the nebula that the free-free emission has to be 
sustained through the ionization of some "fresh" neutral 
material. The mid-infrared data provide direct evidence 
for some neutral material around components C and D. 
Therefore, we propose that the emission observed at the 
VLA and in the infrared originates from a reservoir of 
dense circumstellar material exposed to the ionizing ra- 
diation of HD 164492A, similar to the photo-evaporated 
disks detected in Orion (Churchwell et al. 1987; O'Dell, 
Wen & Hu 1993). 

Following the same approach as Churchwell et al. 
(1987), we estimate an ionizing flux Jj = 1.6 x 
10 11 cm~ 2 s _1 at the ionization front and a mass-loss rate 
M~4x 10~ 8 M Q yr -1 . It implies the mass of warm ma- 
terial detected in the infrared (<~ 2 — 3 x 10~ 5 M Q ) would 
have completely evaporated on a timescale of 400 yr, 
whereas the nebula is ~ 0.3 Myr old. The total circumstel- 
lar mass is probably much higher than the mass of ma- 
terial detected and the bulk of disk material corresponds 
to a colder component which emits at longer wavelengths. 
We also note that the mass of the photo-evaporated disks 
discovered in the Orion nebula are 100 times larger than 
the masses estimated here (Storzer and Hollcnbach, 1999). 
The similarity between the mass of the ionized gas and the 
mid-infrared material suggests that we are detecting the 
emission of the photon-dominated region at the surface of 
the circumstellar disks. Interestingly, the column density 
of warm gas derived from the CVF data is in good agree- 
ment with the model of Johnstone, Hollenbach & Bally 
(1998) for the warm PDR gas at the surface of a photo- 
evaporated disk. 

The only two infrared sources detected at the VLA 
are classified as massive or intermediate-mass objects; this 
suggests that all the infrared sources detected with ISO- 
CAM have also low- or intermediate masses. This would 
naturally explain why neither IRS 3 nor IRS 4 were de- 
tected at the VLA, though at similar apparent distances to 
the ionizing source. However, we cannot exclude that we 



are misled by a projection effect and that the true distance 
to the exciting star is much larger. Apart from IRS 1-2, 
IRS 3 and IRS 6 exhibit the silicate band at 9.7 /an in 
emission although both lay behind the Western dust lane 
of the nebula. It means that the dust temperature of the 
circumstellar reservoir must be at least ~ 200 K. Since 
IRS 3 is very close to HD 164492 A and is also detected in 
the optical Ha line, one cannot exclude that the circum- 
stellar dust is externally heated by the exciting star. Inter- 
estingly, this is not the case for other sources like IRS 5. 
This is probably because these sources are still embedded 
in their cocoon, and the outer heating is not sufficient to 
compete with the inner continuum source. 

Only very few examples of crystalline silicates in pro- 
tostellar disks have been reported so far (Malfait et al. 
1998, 1999). The mechanism responsible for the crystal- 
lization of silicates is unclear (Molster et al. 1999). Our 
observations in the Trifid nebula show that many young 
stellar sources are removing their parental cocoon, leav- 
ing their dense circumstellar disk exposed to the ionizing 
radiation of the exciting stars. In some sources we find a 
dust component at temperatures comparable to the glass 
temperature of silicates (~ 10 3 K). We speculate that dust 
annealing in the PDR of the photoionized disks could con- 
tribute and maybe account for the crystalline component 
detected in IRS 1-2 (see e.g. Gail, 1998). Complementary 
observations of IRS 1-2 with upcoming infrared instru- 
ments like SIRTF are necessary to confirm the presence of 
crystalline silicates, characterize their physical properties, 
and to constrain the possibility of such a scenario. 
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